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HIGHLIGHTS 


•  The  process  without  any  dispersants,  Ag-Pd  bimetallic  nanoparticles  homogeneously  distribute  on  the  support. 

•  The  reduction  of  Ag+,  K4Pd2~  and  GO  depends  on  the  reaction  between  AgN03,  I<2PdCl4  and  GO  instead  of  reductant. 

•  The  samples  have  better  catalytic  property  for  alcohol  electrocatalytic  oxidation  than  many  other  Pd-based  catalysts. 
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Bimetallic  palladium-silver  nanoparticles  (NPs)  supported  on  reduced  oxide  graphene  (RGO)  with 
different  Pd/Ag  ratios  (Pd— Ag/RGO)  were  prepared  by  an  easy  green  method  which  did  not  use  any 
additional  reducing  agents  or  a  dispersing  agent.  During  the  process,  simultaneous  redox  reactions  be¬ 
tween  AgN03,  I<2PdCl4  and  graphene  oxide  (GO)  led  to  bimetallic  Pd— Ag  NPs.  The  morphology  and 
composition  of  the  Pd— Ag/RGO  were  characterized  by  transmission  electron  microscopy,  X-ray  diffrac¬ 
tion,  X-ray  photoelectron  spectroscopy,  thermogravimetric  analysis  and  Raman  spectroscopy.  Cyclic 
voltammetry  and  chronoamperometry  were  used  to  investigate  the  electrochemical  activities  and  sta¬ 
bilities  of  these  Pd-Ag/RGO  catalysts  for  the  electro-oxidation  of  methanol  and  ethanol  in  alkaline 
media.  Among  the  different  Pd/Ag  ratios,  the  Pd-Ag  (1:1)/RG0  had  the  best  catalytic  activities  and 
stability.  So  it  is  a  promising  catalyst  for  direct  alcohol  fuel  cell  applications. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  fuel  cells  have  become  a  hot  topic  because  of  the 
decrease  in  fossil  fuel  reserves  and  the  serious  environmental 
pollution  caused  by  the  use  of  these  fossil  fuels.  Fuel  cells  have 
shown  great  potential  as  highly  efficient  and  low-emission  power 
sources  for  portable  electronic  devices.  Alcohols,  like  methanol  and 
ethanol,  are  widely  recognized  as  the  most  promising  candidates  for 
fuel  cells  [1-4].  Although  fuel  cells  have  been  extensively  studied, 
they  still  have  many  issues  like  a  shortage  of  appropriate  anodic 
catalysts  and  low  catalytic  activities  [5].  The  noble  metal  Pt  is  the 
most  widely  studied  anodic  catalyst  in  acidic  media,  but  Pt-based 
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catalysts  have  serious  kinetic  constraints  because  of  poisoning  by 
the  reaction  intermediates  such  as  CO.  This  can  gradually  reduce  the 
activity  and  stability  of  Pt-based  catalysts.  In  addition,  the  high  cost 
and  limited  availability  of  Pt  does  not  allow  it  to  be  used  at  a 
commercial  level  which  also  severely  limits  the  use  of  direct  alcohol 
fuel  cell  technology  [6—8].  It  has  been  reported  that  Pt-based  cat¬ 
alysts  have  better  reaction  kinetics  in  alkaline  media  and  that  some 
non-Pt  based  catalysts  can  also  be  used  under  alkaline  conditions 
[9].  One  catalyst  that  has  received  a  great  deal  of  attention  is  Pd 
because  it  has  super  catalytic  activity  and  stability  in  direct  alcohol 
fuel  cells  and  it  is  about  50  times  more  abundant  than  Pt  [10-13]. 

It  has  been  proven  that  the  catalytic  activity  and  stability  of 
nanoparticles  (NPs)  depend  on  their  size  and  morphology  14,15]. 
However  NPs  easily  aggregate  which  decreases  their  surface  energy 
[16].  Therefore,  suitable  supports  are  needed  to  avoid  aggregation. 
Vulcan  XC-72R  carbon  black  and  carbon  nanotubes  are  the  most 
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common  support  materials  for  nanocatalysts  17]  and  the  latter  is 
better  than  the  former  [10,18].  However  carbon  nanotubes  are  so 
expensive  that  it  limits  their  applications.  Graphene  is  gradually 
becoming  a  popular  new  support  material  for  NPs  since  it  has  many 
excellent  properties  some  of  which  are  better  than  those  of  other 
carbon  materials.  Its  basal  plane  structure,  large  surface  areas  and 
high  electrical  conductivity  all  make  graphene  a  good  support 
material  for  nanocatalysts  [19-21]. 

Since  bimetallic  NPs  show  better  catalytic  properties  than  mono¬ 
metallic  NPs,  they  have  been  used  to  increase  the  catalytic  activity  of 
anodic  catalysts  [22].  Ag  has  been  proposed  to  reduce  the  poisoning  of 
CO-like  species  and  increase  the  adsorption  property,  which  increase 
the  catalytic  ability.  It  has  been  used  as  the  second  metal  to  Pt-based 
catalyst  for  methanol  electrooxidation  and  obtains  good  perfor¬ 
mance  [23].  So  it’s  speculated  the  catalytic  performance  of  Pd-Ag 
bimetallic  NPs  will  be  better  than  Pd  NPs.  Also  Ag  is  abundant  and  fairly 
low  price.  It  is  inferred  that  Ag  will  be  a  good  choice  as  a  second  metal. 

Here,  an  easy  method  was  developed  to  prepare  reduced  gra¬ 
phene  oxide  (RGO)  supported  Pd-Ag  NPs  (Pd-Ag/RGO),  as  shown 
in  Fig.  1.  Unlike  previous  methods,  no  additional  reductants  or 
surfactants  were  used.  Instead,  graphene  oxide  (GO)  nanosheets 
acted  as  the  reducing  agent,  the  stabilizing  agent  and  the  support 
for  the  Pd-Ag  NPs,  so  it  is  an  environment-friendly  method. 

2.  Experimental  section 

2.1.  Materials 

Natural  graphite  powder  was  purchased  from  Qingdao  Graphite 
Factory.  Potassium  permanganate,  sodium  nitrate,  concentrated  sul¬ 
furic  acid,  hydrogen  peroxide  (30%),  hydrochloric  acid,  potassium 
palladium  (II)  chloride  (IQPdCLj)  and  silver  nitrate  were  all  from 
Sigma.  All  other  reagents  were  purchased  from  Tianjin  Chemical 
Reagent  Co.  All  chemicals  were  analytical  grade  and  used  as  received. 

2.2.  Preparation  of  GO 

GO  was  prepared  from  purified  natural  graphite  by  a  modified 
Hummer’s  method  24].  Briefly,  concentrated  H2SO4  was  added  to  a 
250-mL  flask  filled  with  graphite,  followed  by  the  addition  of  NaN03. 
Then  solid  KMn04  was  gradually  added  with  stirring  while  the 
temperature  of  the  mixture  was  kept  below  20  °C.  Next  the  tem¬ 
perature  was  increased  to  30  °C  and  excess  distilled  water  was  added 
to  the  mixture.  Then  the  temperature  was  increased  to  80  °C.  Finally, 
30%  H2O2  was  added  until  the  color  of  mixture  changed  to  brilliant 
yellow.  The  mixture  was  filtered  and  washed  several  times  with  5% 
aqueous  HC1  to  remove  metal  ions  and  then  the  product  was  washed 


with  distilled  water  to  remove  the  acid.  The  resulting  filter  cake  was 
dried  in  air  and  then  re-dispersed  in  water.  Suspended  GO  sheets 
were  obtained  after  ultrasonic  treatment. 

2.3.  Synthesis  of  Pd-Ag/RGO 

First  3  mL  of  AgN03  aqueous  solution  (0.0123  M)  was  mixed  with 
6.4  mL  of  GO  suspension  (5  mg  mL-1 ).  Subsequently,  about  0.5  mL  of 
sodium  hydroxide  (0.05  M)  was  added  to  adjust  the  pH  to  8.0.  The 
mixture  was  heated  at  84  °C  and  magnetically  stirred  for  0.5  h,  fol¬ 
lowed  by  the  addition  of  3  mL  of  I<2PdCl4  aqueous  solution 
(0.0123  M).  The  mixture  was  allowed  to  continue  to  react  under 
magnetic  stirring  at  84  °C  for  3  h.  Then  the  sample  was  cooled  to 
room  temperature.  The  reaction  product  was  collected  by  centrifu¬ 
gation  and  washed  several  times  with  deionized  water.  Part  of  the 
purified  product  was  thermally  treated  for  24  h  at  200  °C  in  a  vacuum 
oven  to  transform  the  GO  to  RGO,  the  other  part  of  the  product  was 
used  for  measurements.  The  weight  percent  of  Pd  in  the  Pd— Ag/RGO 
was  about  10  wt  %  and  the  atomic  ratio  of  Pd  to  Ag  was  1:1  (Pd-Ag 
(1 :1  )/RGO).  In  order  to  find  which  ratio  led  to  the  best  catalytic  ac¬ 
tivity,  Pd-Ag  (1.5:l)/RGO,  and  Pd-Ag  (l:1.5)/RGO  with  the  same 
10  wt  %  of  Pd  were  also  prepared  using  the  same  procedure. 

The  most  common  method  to  synthesize  RGO  supported  metal 
particles  is  chemical  reduction.  So  for  comparison,  Pd-Ag  NPs  were 
also  prepared  using  NaBH4  instead  of  GO  as  the  reducing  agent. 
During  this  procedure  the  GO  was  also  reduced  by  the  NaBH4.  An 
excess  amount  of  freshly  prepared  0.01  M  NaBH4  was  added  to  a 
mixed  solution  of  I<2PdCl4,  AgN03  and  GO  to  synthesize  the  Pd-Ag 
(l:l)/RGO-SB  (that  was  reduced  by  NaBH4). 

2.4.  Characterization 

2  A  A.  X-ray  diffraction  analysis 

The  X-ray  diffraction  (XRD)  spectra  of  the  samples  were  measured 
using  an  X-ray  diffractometer  (BDX3300)  with  a  reference  target:  Cu 
Ka  radiation  (A  =  1.54  A),  voltage:  30  kV  and  current:  30  mA.  The 
samples  were  measured  from  30°  to  90°  (26)  with  steps  of  4°  min-1. 

2.4.2.  Raman  microscopy  analysis 

Raman  measurement  was  performed  with  an  inVia  Raman  Mi¬ 
croscope  (RENISHAW,  UK)  high  resolution  Raman  microscope,  in  a 
backscattering  configuration. 

2.4.3.  Thermogravimetric  analysis 

Prior  to  thermogravimetric  analysis  (TGA)  of  the  samples,  the 
samples  were  dried  in  a  vacuum  at  40 0  C  for  2  days.  TGA  was  performed 
with  a  Rigaku-TD-TDA  analyzer  with  a  heating  rate  of  10  °C/min. 
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Fig.  1.  Diagram  of  the  synthesis  of  Pd-Ag  NPs  supported  on  RGO. 
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2.4.4.  X-ray  photoelectron  spectroscopy  (XPS)  analysis 
Elemental  analysis  was  conducted  on  an  X-ray  photoelectron 

spectrometer  with  a  Mg  Ka  anode  (PHI 1600  ESCA  System,  PERKIN 
ELMER,  US). 

2.4.5.  Transmission  electron  microscopy  (TEM)  analysis 
Transmission  electron  microscopy  (TEM)  and  line  profile  mea¬ 
surements  were  performed  using  a  Philips  Tecnai  G2F20  micro¬ 
scope  at  200  kV. 

2.4.6.  Inductively  coupled  plasma  (ICP)  spectroscopy  analysis 

The  amount  of  Ag  and  Pd  elements  on  the  solution  after  elec¬ 
trochemical  measurements  was  determined  by  inductively  coupled 


c 


plasma  spectroscopy  (ICP-9000  (N  +  M),  USA  Thermo  Jarrell-Ash 
Corp.). 

2.5.  Electrochemical  measurements 

The  electrochemical  measurements,  cyclic  voltammetry  and 
chronoamperometry  were  performed  with  a  CHI  660D  electro¬ 
chemical  station  (CH  Instruments,  Inc,  Shanghai)  at  ambient  tem¬ 
perature.  The  counter  and  reference  electrodes  were  a  platinum 
mesh  and  a  Hg/HgO  (1.0  M  KOH)  electrode,  respectively.  The 
working  electrode  was  prepared  by  dropping  5  pL  of  the  catalyst  ink 
onto  a  glassy  carbon  electrode  (GCE)  with  the  diameter  of  3  mm. 
The  ink  was  prepared  by  ultrasonically  mixing  4  mg  of  Pd-Ag/RGO 
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Fig.  2.  TEM  images  of  the  Pd-Ag  (l:l)/RGO  (a  and  b),  Pd-Ag  (1.5:l)/RGO  (c),  Pd-Ag  (l:1.5)/RGO  (d),  and  Pd-Ag  (l:l)/RGO-SB  (e),  magnified  imagine  of  the  Pd-Ag  (l:l)/RGO  (f). 
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with  1.9  mL  of  ethanol  and  0.1  mL  of  Nation  solution.  The  electrolyte 
was  1  M  KOH/1  M  CH3OH  or  1  M  KOH/1  M  CH3CH2OH,  and  oxygen 
was  removed  by  purging  the  electrolyte  with  an  inert  gas  for 
20  min. 

3.  Results  and  discussion 

Fig.  2  shows  the  TEM  images  of  the  Pd-Ag/RGO  NPs  with 
different  compositions.  The  corrugations  of  the  graphene  edges 
(Fig.  2a)  are  in  accordance  with  a  previous  report  for  graphene  [25]. 
The  Pd-Ag  (1:1)  NPs  are  more  uniform  in  size  (Fig.  2b)  than  the 
Pd-Ag  NPs  for  the  other  Pd/Ag  ratios  (Fig.  2c  and  d)  or  those 
reduced  by  NaBFU  (Fig.  2e),  and  it’s  easy  to  see  that  most  of  the 
metallic  NPs  are  smaller  than  10  nm  for  all  the  samples.  As  we 
know,  the  alcohol  electro-oxidation  mechanism  with  metal  catalyst 
is  adsorption/desorption.  So  small  size  and  good  distribution  are 
beneficial  to  the  catalytic  activity  for  direct  alcohol  fuel  cell.  In 
addition,  RGO  can  increase  electronic  transmission  speed  and 
prevent  aggregation  of  Pd-Ag  in  the  electro-oxidation.  Therefore, 
the  Pd-Ag  (l:l)/RGO  should  have  good  catalytic  activity  and  sta¬ 
bility  for  a  direct  alcohol  fuel  cell. 


Fig.  3.  The  chosen  particle  (a),  the  line  profile  of  the  NP  (b). 


A  metallic  NP  (Fig.  3a)  was  chosen  for  a  line  profile  measure¬ 
ment  (Fig.  3b).  Obviously,  both  the  Ag  and  Pd  atoms  are  distributed 
over  the  whole  area  of  the  particle,  but  the  core  appears  to  be 
highly  enriched  with  Ag  atoms  and  the  shell  has  more  Pd  atoms.  In 
catalyzing  some  reactions  Pd  plays  the  key  role,  so  the  enriched  Pd 
shell  should  result  in  an  enhanced  catalytic  efficiency  for  electro¬ 
chemical  catalysis  reactions  [26]. 

Fig.  4  shows  the  XRD  patterns  of  Pd/RGO  (i)  and  Ag/RGO  (ii)  and 
three  Pd— Ag/RGO  NPs  prepared  with  different  ratios  (iii — v).  In  the 
Pd/RGO  diagram  the  peaks  at  about  40.1°,  46.3°,  68.5°  and  81.8° 
corresponded  to  the  (111),  (200),  (220)  and  (311)  lattice  planes  of 
the  face  center  cubic  crystalline  structure  of  Pd,  respectively  [18  .  In 
the  Ag/RGO  diagram,  the  diffraction  peaks  at  38.0°,  44.2°,  64.5°,  and 
77.4°  are  assigned  to  the  (111),  (200),  (220),  and  (311)  crystalline 
planes  of  cubic  Ag,  respectively  [27].  It’s  concluded  that  the  XRD 
diagram  of  the  three  Pd-Ag/RGO  samples  is  similar  but  none  of  the 
above  peaks  are  seen  (iii-v).  All  the  peaks  are  located  between  the 
peaks  of  Pd  and  Ag,  suggesting  that  Pd-Ag  bimetal  NPs  were 
formed. 

Fig.  5a  shows  the  XPS  spectrum  of  Pd-Ag  (1  :l)/RGO.  There  is  a 
Cis  peak  at  about  284  eV,  an  01  s  peak  at  about  530  eV,  a  Pd3d  peak 
at  about  340  eV  and  a  Ag3d  peak  at  about  372  eV  which  indicate 
that  the  Pd-Ag/RGO  contains  C,  O,  Pd  and  Ag  respectively.  The  Pd 
and  Ag  are  from  metallic  NPs  whereas  C  and  O  are  from  RGO. 

In  order  to  study  the  changes  in  the  GO,  the  high  resolution  Cl  s 
XPS  spectra  of  GO,  Pd-Ag  (l:l)/GO  and  Pd-Ag  (l:l)/RGO  were 
collected  and  are  shown  in  Fig.  5b— d.  The  percentages  of  different 
carbon-oxygen  groups  and  the  C/O  ratio  for  these  samples  are 
given  in  Table  1.  The  XPS  Cl  s  spectra  have  peaks  at  284.4, 286.3,  and 
288.6  eV  which  can  be  attributed  to  C=C  double  bonds,  C-0  single 
bonds,  and  C=0  double  bonds,  respectively  [28].  The  relative  in¬ 
tensity  of  the  C-0  and  C=0  peaks  in  Pd-Ag  (1:1  )/GO  is  smaller 
than  those  in  GO  and  the  C=C/C-0  ratio  increases  from  1.22  to  2.84 
(Table  1 ).  This  states  that  the  oxygen-containing  functional  groups 
were  partly  removed  in  the  reaction,  which  leaved  defects  on  the 
surface  of  the  GO.  These  defects  provided  binding  sites  for  Pd-Ag 
NPs  29].  So  oxygen-containing  functional  groups  played  an 
important  role  in  the  formation  of  the  Pd-Ag/RGO.  Thermal 
treatment  can  further  reduce  GO  to  RGO,  so  the  C/O  ratio  in  Pd-Ag 
(l:l)/RGO  increased  to  5.1,  as  the  GO  was  2.3  and  Pd-Ag  (1:1  )/GO 
was  4.5. 

Pd3d  and  Ag3d  XPS  spectra  of  Pd-Ag  (1 :1  )/RGO  were  collected 
in  order  to  study  the  valence  states  of  the  metals  (Fig.  5e  and  f).  The 
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Fig.  4.  XRD  patterns  of  Pd/RGO  (i),  Ag/RGO  (ii),  Pd-Ag  (l:1.5)/RGO  (iii),  Pd-Ag  (1:1)/ 
RGO  (iv),  and  Pd-Ag  (1.5:l)/RGO  (v). 
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Fig.  5.  XPS  spectra  for  Pd-Ag  (1:1)/RG0  (a);  Cls  XPS  spectra  for  GO  (b),  Pd-Ag  (1:1  )/GO  (c)  and  Pd-Ag  (l:l)/RGO  (d);  XPS  spectra  for  Pd3d  (e)  and  Ag3d  (f)  in  Pd-Ag  (l:l)/RGO. 


Pd  3d5/2  peak  at  335.6  eV  and  the  3d3/2  peak  at  340.95  eV  (Fig.  5e) 
are  attributed  to  metallic  Pd  [30],  and  the  peaks  at  368.1  and 
374.1  eV  (Fig.  5f)  can  be  ascribed  to  3d5/2  and  3d3/2  of  Ag, 
respectively  [31].  Therefore,  the  PdCl42~  and  Ag+  precursors  were 
reduced  during  the  reaction.  The  difference  in  the  reduction  po- 
tentials  of  PdCl42-  (+0.83  V  vs.  SCE)  and  Ag+  (+0.80  V  vs.  SCE)  and 
the  oxidation  potential  of  GO  (0.48  V  vs.  SCE)  may  be  the  driving 
force  for  the  reduction  of  PdCl42-  and  Ag+.  It  is  rational  to  deduce 
that  the  spontaneous  deposition  of  Pd-Ag  NPs  on  GO  is  due  to 
redox  reactions  between  GO,  Ag+  and  PdCl42- ,  which  is  similar  to 
the  reaction  mechanism  between  Pt  precursor  and  single-walled 
carbon  nanotubes  proposed  by  Choi  et  al.  [32]. 

The  TGA  curves  of  GO  (i),  Pd-Ag/GO  (ii),  and  Pd-Ag/RGO  (iii)  are 
shown  in  Fig.  6.  For  GO,  a  weight  loss  of  about  15%  occurred  be¬ 
tween  100  and  200  °C  which  is  attributed  to  the  removal  of  water 
and  some  oxygen-containing  functional  groups  (such  as  C-0  and 
C=0).  The  weight  loss  above  200  °C  is  due  to  the  removal  of 
the  other  oxygen-containing  functional  groups.  The  weight  loss  in 


Pd-Ag/GO  (ii)  is  smaller  than  that  in  GO  and  is  only  about  6%  below 
350  °C.  This  is  in  accordance  with  the  XPS  results  which  prove  that 
the  GO  in  Pd-Ag/GO  was  partially  reduced.  The  total  weight  loss  of 
Pd-Ag/RGO  (iii)  is  much  smaller  than  that  of  Pd-Ag/GO  which 
indicates  that  the  GO  was  greatly  reduced  after  the  thermal 
treatment. 


Table  1 

Percentages  of  different  carbon-oxygen  groups  and  C/O  ratios  in  GO,  Pd-Ag  (1:1)/ 
GO  and  Pd-Ag  (1:1  )/RGO. 


Sample 

Analysis 

GO 

C=C 

C-0 

C=0 

C/O  ratio 

52.07 

42.69 

5.24 

2.3 

Pd-Ag  (l:l)/GO 

C=C 

C-0 

C=0 

C/O  ratio 

70.4 

24.8 

5.0 

4.5 

Pd-Ag  (l:l)/RGO 

C=C 

C-0 

C=0 

C/O  ratio 

78.4 

16.8 

4.8 

5.1 
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Fig.  7  shows  the  Raman  spectra  of  GO,  Pd-Ag/GO  and  Pd-Ag / 
RGO.  The  two  peaks  at  about  1355  and  1395  cm-1  are  the  D-  and 
G-bands  respectively  [33],  The  D-band  is  related  to  the  vibrations  of 
the  sp3  carbon  atoms  in  the  disordered  graphene  nanosheets, 
whereas  the  G-band  arises  from  the  vibrations  of  the  graphite  sp2 
carbon  atom  domains.  The  D/G  intensity  ratio  is  an  indicator  of  the 
degree  of  in-plane  sp2  domains  and  the  degree  of  GO  reduction 
[27].  The  D/G  intensity  ratio  of  GO  (Fig.  7a)  was  0.81  compared  to 
1.12  for  Pd— Ag/RGO  (Fig.  7c),  which  confirms  that  the  oxygenated 
groups  were  removed  during  the  thermal  treatment  process.  The 
D/G  intensity  ratio  of  Pd-Ag/GO  (1.03)  is  higher  than  that  of  GO,  but 
lower  than  that  of  Pd-Ag/RGO,  which  again  confirms  that  the  GO  in 
Pd-Ag/GO  was  partially  reduced. 


Next,  the  catalytic  activity  of  the  various  Pd  samples  for  the 
electro-oxidation  of  methanol  and  ethanol  was  tested.  First  the 
background  cyclic  voltammograms  of  Pd/RGO  (i),  Pd-Ag  (1.5:1)/ 
RGO  (ii),  Pd-Ag  (l:l)/RGO  (iii),  Pd-Ag  (l:1.5)/RGO  (iv),  Pd-Ag 
(1:1  )/GO  (v)  and  Pd-Ag  (l:l)/RGO-SB  (vi)  modified  electrodes  in 
1  M  KOFI  at  a  scan  rate  of  50  mV  s-1  between  -0.8  and  0.3  V  were 
collected  (Fig.  8a).  For  all  the  catalysts,  the  adsorption/desorption  of 
hydrogen  appeared  between  -0.8  and  -0.6  V,  and  the  oxidation  of 
Pd  and  the  reduction  peak  for  palladium  oxide  was  around  0.4  V 
and  -0.3  V  respectively  [18].  As  there  are  no  peaks  of  Ag  and  its 
oxide,  it’s  inferred  that  Ag  was  stable  in  this  system.  The  potential  of 
Ag  electrode  is  -0.0977  to  0.3023  V,  and  the  pH  is  14  during  the 
methanol  oxidation.  According  to  the  Pourbaix  diagram  (Fig.  SI ),  Ag 
in  Pd— Ag  is  almost  in  the  stable  region.  In  addition,  the  ICP  results 
showed  that  there  were  no  Ag  and  Pd  elements  in  the  solution  of 
1  M  KOH  and  1  M  KOH/1  M  CH3OH  after  the  electrochemical 
measurement.  So,  Ag  in  Pd-Ag  NPs  is  stable  and  nonsoluble  during 
electrochemical  measurement.  That  is  why  Ag  based  bimetallic  NPs 
were  largely  used  in  electrochemistry  catalyst  reaction  [10,27]. 

The  cyclic  voltammograms  of  Pd/RGO  (i),  Pd-Ag  (1.5:1  )/RGO  (ii), 
Pd-Ag  (l:l)/RGO  (iii),  Pd-Ag  (l:1.5)/RGO  (iv),  Pd-Ag  (l:l)/GO  (v) 
and  Pd-Ag  (l:l)/RGO-SB  (vi)  modified  electrodes  in  1  M  KOH/1  M 
CH3OH  at  a  scan  rate  of  50  mV  s_1  are  shown  in  Fig.  8b.  All  the 
results  are  normalized  on  the  basis  of  the  amount  of  loaded  Pd 
(mass  activity).  The  oxidation  peaks  in  the  forward  (/f)  and  reverse 
(/b)  scans  are  due  to  the  oxidation  of  freshly  chemisorbed  methanol 
species  and  to  the  removal  of  carbonaceous  species  that  are  not 
completely  oxidized  on  the  forward  scan,  respectively.  The  peak 
potentials,  peak  current  densities  and  the  ratio  of  If  and  Jb  (Jf//b)  are 
listed  in  Table  2.  The  Pd-Ag  (l:l)/RGO  reached  630  mA  mg-1  Pd 
which  was  the  highest  of  all  the  catalysts.  The  current  density  of 
Pd-Ag  (l:l)/RGO  is  also  higher  than  those  of  previously  reported 
Pd-based  catalysts,  such  as  Pd/PPy-graphene  (359.8  mA  mg-1  Pd) 
[34],  Pd— Mn02/MWCNTs  (431.02  mA  mg-1  Pd)  [35].  Moreover, 
when  the  ratio  of  Pd/Ag  was  1:1,  the  peak  potential  was  the  most 
negative,  indicating  that  the  methanol  was  more  easily  oxidized.  So 
among  the  studied  Pd-Ag/RGO  catalysts,  Pd-Ag  (l:l)/RGO  has  the 
highest  catalytic  activity. 


Fig.  7.  Raman  spectra  of  GO  (a),  Pd-Ag/GO  (b),  and  Pd-Ag/RGO  (c). 
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E  (V  vs.Hg/HgO) 

Fig.  8.  Cyclic  voltammograms  of  Pd/RGO  (i),  Pd-Ag  (1.5:l)/RGO  (ii),  Pd-Ag  (l:l)/RGO 
(iii),  Pd-Ag  (l:1.5)/RGO  (iv),  Pd-Ag  (l:l)/GO  (v),  and  Pd-Ag  (l:l)/RGO-SB  (vi) 
modified  electrodes  in  1  M  KOH  (a)  and  1  M  KOH/1  M  CH3OH  (b)  with  a  scan  rate  of 
50  mV  s"1.  Cyclic  voltammograms  of  Pd/RGO  (i),  Pd-Ag  (l:l)/RGO  (ii),  and  Pd-Ag 
(1  :l)/RGO-SB  (iii)  modified  electrodes  in  1  M  KOH/1  M  CH2CH3OH  (c)  with  a  scan  rate 
of  50  mV  s_1. 

The  peak  current  density  of  Pd-Ag/RGO  is  much  higher  than 
that  of  the  Pd/RGO  (311  mA  mg-1  Pd).  The  exact  reason  is  not  clear, 
but  it  may  be  attributed  to  the  second  metal  Ag.  It  is  proposed  that 
Ag  can  provide  synergistic  effect  in  alcohol  electrooxidation.  It  can 
provide  oxygen-containing  species  to  enhance  the  oxidation  of  CO- 
like  species  and  reduce  the  poison  of  those  species  [23].  At  the  same 
time  the  second  metal  can  modify  the  surface  adsorption  to  in¬ 
crease  the  active  surface  of  the  major  metal,  which  is  an  important 
factor  to  improve  the  catalytic  activity  and  stability  [36].  Another 


Table  2 

Peak  potential,  peak  current  density  and  /f//b  for  various  Pd-catalyst  electrodes  for 
the  electro-oxidation  of  methanol. 


Catalyst 

Peak  potential 

V  vs.  Hg/HgO 

Peak  current  density 
mA  mg-1  Pd 

Jf/Jb 

Pd/RGO 

-0.08 

311 

1.41 

Pd-Ag  (l:l)/GO 

-0.13 

225 

1.50 

Pd-Ag  ( 1.5  :l)/RGO 

-0.08 

334 

1.42 

Pd-Ag  (l:l)/RGO 

-0.12 

630 

3.15 

Pd— Ag  (l:1.5)/RGO 

-0.10 

585 

6.55 

Pd-Ag  (l:l)/RGO-SB 

-0.125 

545 

1.48 

key  factor  is  the  support,  RGO.  As  shown  in  Table  2,  the  peak  current 
density  of  Pd-Ag  (1  :l)/GO  was  225  mA  mg”1  Pd,  which  was  much 
lower  than  that  of  Pd-Ag  (1 :1  )/RGO.  It  was  reported  that  the  peak 
current  densities  for  Pd  NPs  were  210  mA  mg”1  Pd  [37], 
240  mA  mg”1  Pd  for  Pd/C  [11  ].  The  above  data  prove  that  RGO  is  a 
better  support  than  GO  and  other  carbon  materials.  RGO  has  many 
advantages  as  a  support.  First,  RGO  has  large  surface  areas,  which 
makes  the  metal  NPs  smaller  and  more  stable.  Second,  electrons 
transfer  more  quickly  due  to  the  high  electrical  conductivity  of  RGO. 

The  Jf/Jb  ratio  is  an  important  index  that  reflects  the  tolerance  of 
a  catalyst  to  poisoning.  A  high  /f/Jb  value  indicates  good  oxidation  of 
methanol  to  carbon  dioxide  during  the  forward  scan  and  an 
excellent  ability  to  remove  any  excessive  accumulations  of  carbo¬ 
naceous  residue  on  the  catalyst  surface  during  the  reverse  scan 
[38,39].  As  seen  from  Table  2,  the  Pd/RGO  catalyst  had  the  lowest  If  I 
/b  value  among  the  catalysts.  As  the  Ag  content  increased,  the  anti¬ 
poisoning  effect  was  enhanced  as  seen  by  the  high  Jf/Jb  values  for 
Pd-Ag  (1 :1  )/RGO  (3.15)  and  Pd-Ag  (1 :1.5)/RGO  (6.55).  This  trend  is 
in  accordance  with  a  previous  reported  [23].  Since  Pd-Ag  (1:1)/ 
RGO  has  both  high  catalytic  activity  and  a  high  tolerance  to 
poisoning  species,  the  subsequent  studies  used  this  catalyst. 

The  catalytic  activities  of  Pd/RGO,  Pd-Ag  (l:l)/RGO  and  Pd-Ag 
(l:l)/RGO-SB  for  the  electro-oxidation  of  ethanol  were  also 
examined  (Fig.  8c).  The  peak  potentials,  peak  current  densities  and 
Jf/Jb  values  of  these  electrodes  are  listed  in  Table  3.  For  the  electro¬ 
oxidation  of  ethanol,  the  Pd-Ag  (l:l)/RGO  still  had  the  highest 
peak  current  density  (1601  mA  mg”1  Pd)  indicating  that  Pd-Ag 
(l:l)/RGO  is  an  excellent  catalyst  for  alcohol  electro-oxidation. 

Fig.  9a  shows  the  cyclic  voltammograms  of  the  Pd-Ag  (1 :1  )/RGO 
modified  electrode  in  1  M  KOH/l.O  M  CFI3OH  solution  at  different 
scan  rates.  Obviously,  the  peak  current  densities  increased  with 
increasing  scan  rate.  The  electrocatalytic  oxidation  of  methanol  is 
generally  considered  to  be  an  irreversible  electrode  process  and  the 
peak  current  densities  are  linearly  proportional  to  the  square  root 
of  the  scan  rates  [40].  As  shown  in  Fig.  9b,  the  relationship  between 
the  forward  scan  peak  current  densities  and  v1^2  is  linear  which  is  in 
accordance  with  the  above  dynamic  theory.  This  also  indicates  that 
the  electrocatalytic  oxidation  of  methanol  on  Pd-Ag/RGO  may  be  a 
diffusion  controlled  process. 

The  long-term  stability  of  the  Pd/RGO,  Pd-Ag  (l:l)/RGO  and 
Pd-Ag  (l:l)/RGO-SB  catalysts  for  the  oxidation  of  methanol  and 
ethanol  at  a  potential  of  -0.3  V  were  also  investigated  and  the 
chronoamperometry  curves  are  shown  in  Fig.  10.  Due  to  the 


Table  3 

Peak  potential,  peak  current  density  and  Jf/Jb  for  various  Pd  electrodes  for  the 
electro-oxidation  of  ethanol. 


Catalyst 

Peak  potential 

V  vs.  Hg/HgO 

Peak  current  density 
mA  mg-1  Pd 

Jf/Jb 

Pd 

0.059 

835 

1.15 

Pd-Ag  (l:l)/RGO 

0.082 

1601 

1.56 

Pd-Ag  (l:l)/RGO-SB 

0.11 

1170 

1.27 
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Fig.  9.  Cyclic  voltammograms  of  the  Pd-Ag  (l:l)/RGO-catalyst  modified  electrode  in 
1  M  KOH/1  M  CH3OH  at  different  scan  rates  10  mV  s-1  (i),  25  mV  s_1  (ii),  50  mV  s-1 
(iii),  65  mV  s-1  (iv)  and  100  mV  s-1  (v)  (a).  Plot  of  peak  current  densities  versus  the 
square  root  of  the  sweep  rates  (b). 

formation  of  some  Pd  oxides/hydroxides  and  adsorbed  in¬ 
termediates  in  the  alcohol  electro-oxidation  reaction,  all  these 
catalysts  show  a  current  decay  before  a  steady  current  status  was 
attained.  As  expected,  the  current  density  of  Pd-Ag  (1 :1  )/RGO  was 
the  highest  among  the  three  catalysts  in  both  alcohols.  In  addition, 
in  the  beginning,  the  current  for  Pd-Ag  (l:l)/RGO  declined  more 
slowly  than  that  for  Pd/RGO  and  Pd-Ag  (l:l)/RGO-SB.  This  also 
proves  that  Pd-Ag  (1 :1  )/RGO  has  superior  electrochemical  catalytic 
stability  for  the  oxidation  of  alcohols. 

4.  Conclusions 


Fig.  10.  Chronoamperometry  curves  collected  for  2100  s  at  -0.3  V  for  Pd-Ag  (1:1)/ 
RGO  (i),  Pd-Ag  (1  :l)/RGO-SB  (ii)  and  Pd/RGO  (iii)  modified  electrodes  in  1  M  KOH/1  M 
CH3OH  solution  (a),  and  1  M  KOH/1  M  CH3CH2OH  solution  (b). 
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Pd-Ag/RGO  hybrids  with  different  Pd/Ag  ratios  were  prepared 
by  an  easy  green  method  without  using  any  addition  reducing 
agent  or  dispersing  agent.  Simultaneous  redox  reactions  between 
AgN03,  I<2PdCl4  and  GO  led  to  bimetallic  Pd-Ag  NPs  supported  on 
RGO.  The  Pd-Ag/RGO  hybrids  exhibited  good  electrochemical 
catalytic  activity  towards  methanol  and  ethanol  electro-oxidation 
and  Pd-Ag  (l:l)/RGO  had  the  best  catalytic  activity  with  peak 
current  densities  of  630  and  1601  mA  mg-1  Pd  for  methanol  and 
ethanol  electro-oxidation,  respectively.  In  addition,  the  Pd— Ag 
(l:l)/RGO  showed  high  catalytic  stability.  This  green  method  pro¬ 
vides  a  way  to  produce  Pd-Ag/RGO  hybrids  that  can  be  used  as 
electrochemical  or  chemical  catalysts. 
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